Metal halide perovskite both in the form of nanocrystal and thin films recently emerged as the most promising semiconductor material covering a huge range of potential applications from display technologies to photovoltaics. Colloidal inorganic and organic-inorganic hybrid metal halide perovskite nanocrystals (NCs) have received tremendous attention due to their high photoluminescence quantum yields, while large grain perovskite films possess fewer defects, and a long diffusion length providing high-power conversion efficiency in planar devices. In this review, we summarize the different synthesis routes of metal halide perovskite nanocrystals and the recent methodologies to fabricate high-quality micron scale crystals in the form of films for planar photovoltaics. For the colloidal synthesis of halide perovskite NCs, two methods including ligand-assisted reprecipitation and hot injection are mainly applied, and the doping of metal ions in NCs as well as anion exchange reactions are widely used to tune their optical properties. In addition, recent growth methods and underlying mechanism for high-quality micron size crystals are also investigated, which are summarized as solution-process methods (including the anti-solvent method, solvent vapor annealing technology, Ostwald ripening, additive engineering and geometrically-confined lateral crystal growth) and the physical method (vapor-assisted crystal growth).
Introduction
Metal halide perovskite is emerging as a promising semiconductor and efficient light-harvester in high-performance, low-cost and large-coverage photovoltaics [1] [2] [3] . The high optical coefficient makes it a good candidate as the thin absorber layer, and the long diffusion length of both electrons and holes leads to high short-circuit current density. On the one hand, halide perovskite nanocrystals (NCs) are used for photovoltaics, which have received tremendous attention due to their high photoluminescence quantum yields, reaching almost 100%. Moreover, nanocrystals have the advantage of optical tunability compared to their bulk. On the other hand, for planar perovskite devices, a verity of preparation methods for micron-scale crystals have been promoted including the one-step methylammonium lead iodide (MAPbI 3 ) solution, two-step sequence spin-coating and vapor-coevaporation. However, the quality of the crystals and devices are not as good as one would expect as these methods usually leads to polynanocrystal films. Although these methods lead to more than 20% power-conversion efficiency in photovoltaics, recent studies have shown that impurities and defects lead to high carrier recombination, limiting further device performance. In addition, the small size of crystal grains results in obvious hysteresis phenomena, and also leads to a diffusion length of around 1 µm, which is not comparable with single crystals with a typical diffusion length of 100 µm [4] [5] [6] . In terms of environmentally friendly devices and materials, due to the containment of the toxic element lead in the metal halide perovskite, thin films are preferred in the real applications. Furthermore, because of the rapid degradation of light absorption with the decrease in thickness, the quality of grown perovskite crystals needs to be improved. Recent advances in the technique and methods have made it possible to grow high-quality metal halide perovskite cyrstals both at nano-scale and micron-scale. In this review, we focus on the synthesis of halide perovskite nanocrystals and their post-synthesis transformations as well as recent technology to fabricate high-quality large crystal films for planar photovoltaics.
The Fabrication of Lead Halide Perovskite Colloidal Nanocrystals
Lead halide perovskites (LHP) in the form of colloidal nanocrystals (NCs), such as organic-inorganic CH 3 NH 3 PbX 3 , (MAPbX 3 ), CH(NH 2 ) 2 PbX 3 (FAPbX 3 ) and all-inorganic CsPbX 3 LHPs (X = Cl, Br, I) have been intensively investigated for various applications including light-emitting devices (LEDs) and photodetectors, due to their color-tunable and narrow-band emissions as well as easy synthesis, convenient solution-based processing, and low fabrication cost [7] [8] [9] [10] [11] [12] [13] . Various approaches have been proposed for the direct synthesis of metal and organometal halide perovskite colloidal NCs (e.g., CsPbX 3 , MAPbX 3 , FAPbX 3 , X − = Cl − , Br − , I − ), among which the most common are the hot-injection and the ligand-assisted reprecipitation (LARP) approaches.
Colloidal Synthesis of MAPbX 3 Nanocrystals (NCs)
Motivated by the rapid development of the lead halide perovskite (LHP) thin films as a light-harvesting material for solar-cell applications, first colloidal synthesis of MAPbBr 3 NCs was carried out by the Pérez-Prieto et al. by sthe olvent-induced reprecipitation approach [15] . Nanocrystals were stabilized by using octylammonium bromide and octadecylammonium bromide as surfactants and were colloidally stable for up to 3 months. The absorption and photoluminescence (PL) peaks of these highly crystalline of MAPbBr 3 NCs were at 527 and 530 nm, respectively with a photoluminescence quantum yield (PLQY) of~20%. Later, Zhang et al. modified the aforementioned procedure and introduced the LARP approach for the synthesis of MAPbX 3 NCs by replacing octylammonium bromide and octadecylammonium bromide with n-octylamine and oleic acid as a co-ligands system into the reprecipitation process [14] . As shown in Figure 1 , this method is based on the reprecipitation of lead halide (PbX 2 , X = Cl, Br, I) and organic halide (CH 3 NH 3 X, X = Cl, Br, I) salts in the presence of ligands; for instance, lead halide and organic halide salts are dissolved in strongly polar solvents like dimethylformamide (DMF) and are subsequently added dropwise to a solution of a non-polar medium like toluene in the presence of ligands. The miscibility gap between polar and non-polar solvents solubility consequently triggers the recrystallization of lead halide perovskite NCs. The NCs obtained were brightly luminescent with absolute PLQYs up to 70% in the case of CH 3 NH 3 PbBr 3 quantum dots (QDs), for which the transmission electron microscope (TEM) image and X-ray diffraction (XRD) results are shown in Figure 2a ,b. The ligands' role was further investigated and it was observed that in absence of the octylamine, precursors undergo fast crystallization that leads to larger NCs with very low PLQY and subsequently precipitated out of the solution. The same approach was further extended to synthesize CH 3 NH 3 PbX 3 QDs (X = Cl, I) through halide substitutions. Interestingly, they successfully demonstrated a series of colloidal CH 3 NH 3 PbX 3 QDs with tunable compositions by simply adjusting the ratios of PbX 2 salts in the precursor solution, see Figure 2c shows that the PL spectra can be finely tuned from 407 to 734 nm by varying the halide composition (X = Br, Cl, and I).
Later, hot injection-based synthesis of MAPbX 3 (X = Br, I) was reported by Vybornyi et al. [16] As shown in Figure 1 , this alternative synthesis route is basically an ionic metathesis approach that does not involve any polar solvent. Methylamine solution in THF was injected into a solution of PbX 2 (X = Br, I) in Octadecene (ODE)-containing long-chain capping ligands (an octylamine (OAm)/oleic acid (OA) mixture). The proton needed to form CH3NH3 + is provided by OA whereas PbX 2 serves as both the Pb 2+ and X − source, releasing Pb-oleate as a byproduct. MAPbBr 3 NPLs, NWs and nearly cubic shape MAPbI 3 NCs were successfully obtained by varying the amounts of surfactants (OAm/OA). Resultant NCs have poor optical properties compared to the NCs synthesized by LARP. Basically, the main limitation of the LARP method and two-precursor hot-injection method (precursor 1: Cs-oleate, precursor 2: Lead halide salt complex) is that both methods employ PbX 2 (X = Cl, Br, or I) salts as both lead and halide precursors. Therefore, in both of these cases, one is not allowed to precisely tune the amount of reaction species. In order to overcome the restrictions associated with the aforementioned synthetic procedures, recently Imran et al. introduced a new colloidal synthesis approach that can lead to either all-inorganic or organic-inorganic lead-based halide perovskite NCs [17] . The synthesis relies on the use of acyl halides as halide precursors that can be easily injected, at any temperature, into a solution of metal cations to trigger the nucleation and the growth of the halide NCs. Acyl halides, commonly used as versatile building blocks in organic chemistry reactions, are well known for their strong reactivity toward nucleophilic compounds (e.g., amines, alcohols, carboxylic acids) to form carboxylic acid derivatives (e.g., amides, esters, anhydrides) and releasing at the same time halide anions [18] . By simply adjusting the relative amount of cation precursors, ligands, solvents, benzoyl halides and the injection temperature, it was possible to synthesize either all-inorganic or organic-inorganic APbX 3 (A = Cs, MA or FA and X = Cl, Br or I) NCs with excellent control over the size distribution, very high phase purity and excellent optical properties [17] . MAPbX 3 NCs synthesized by this method have nearly cubic morphology and very high phase purity in all cases (see Figure 2d -i).
Resultant NCs were characterized with narrow emission line width from 15 nm to 43 nm along with very high PLQY up to 92% in case of MAPbBr 3 (see Figure 2j -l). 
Colloidal Synthesis of CsPbX 3 NCs
The formerly reported LARP strategy was further extended by Sun et al. for the preparation of fully inorganic LHP NCs [19] . The synthesis of CsPbX 3 (X − = Cl − , Br − , I − ) spherical quantum dots was performed at room temperature (i.e., 25 • C) by mixing a solution of precursors in good solvent (such as N,N-dimethylformamide, DMF; tetrahydrofuran, THF; and dimethyl sulfoxide, DMSO) into a poor solvent (such as toluene and hexane). The shape control of CsPbX 3 NCs was also demonstrated such as nanocubes, one-dimensional nanorods, and two-dimensional nanoplatelets a few unit cells in thickness by choosing different organic acid and amine ligands (see Figure 3a ,b). Another liquid phase method is to trigger the nucleation and growth of platelets at room temperature (RT) by the injection of acetone in a mixture of precursors [20] .
Protesescu et al. first developed a polar solvent-free two step ionic metathesis approach for the colloidal synthesis of brightly luminescent CsPbX 3 NCs [21] . As shown in Figure 1 , typically the CsPbX 3 NCs were obtained by reacting the Cs-oleate with lead halide in boiling ODE solvent at 140-200 • C in the presence of a binary ligand system composed of aliphatic carboxylic acids and primary amines as surfactants to stabilize the NCs. Owing to the ionic nature of the ternary compound, very fast nucleation and growth kinectics of the NCs (1-3 s) were witnessed by in situ PL measurement with a charged coupled device (CCD) array detector, and the overall reaction mechanism can be summarized in the following equation:
These CsPbX 3 NCs possess bright luminescence with narrow emission-line width typically from 11-42 nm. The PL peak position can be engineered across the entire visible spectrum by simply adjusting the halide composition (Cl:Br or Br:I) or by altering the size of the NCs. Later, a three precursor-based modified hot-injection method was developed by the Manna group which overcame the limitation of using lead halide salts as a source of both lead and halide ions. Very briefly, CsPbX 3 NCs were synthesized by dissolving metal cations (cesium carbonate and lead acetate) in octadecene by using oleylamine and oleic acid as a surfactants. Subsequently, the solution was heated up to the desired temperature (170-200 • C) and the benzoyl halide precursor was swiftly injected into the reaction flask, triggering the immediate nucleation and growth of the NCs. This simple synthesis method results in very monodisperse, strongly fluorescent NCs with high-phase purity and with narrow emission linewidth along with PLQY as high as 92% (see Figure 3c -k) [17] . In general, cesium lead halide-based perovskite NCs exhibit excellent optical properties, while CsPbCl 3 NCs are typically characterized by a significant non-radiative decay [22, 23] . Interestingly, CsPbCl 3 NCs were of particular interest from the recently developed synthesis protocol by Manna group where they reported PLQY for CsPbCl 3 NCs as high as 65%, which is a record value, as shown in Figure 3c ,f,i [17] . It is worth mentioning that such a high PLQY was observed only when employing a large excess of the Cl precursor, i.e., 1.8 mmol of benzoyl chloride and 0.2 mmol of the Pb precursor while with weak PL emission when the same NCs were prepared using a lower amount of benzoyl chloride [17] . The recent studies on the crystal structure of halide perovskite show that in small NCs, the reduced sizes result in broad Bragg peaks, causing the structure analysis to be more difficult than the bulk analysis. Recently, a consensus has been reached that the average structure of CsPbBr 3 NCs is assigned to be the orthorhombic phase at RT [24, 25] . More recently, Bertolotti et al. used advanced atomistic modeling of synchrotron wide-angle X-ray total scattering data to demonstrate that orthorhombic subdomains form which are hinged through a 2D or 3D network of twin boundaries into a pseudocubic phase [26] . By contrast with the previous reports, the as-synthesized highly luminescent in red CsPbI 3 NCs, which were considered to be ideally cubic [21] , were also found to have the same structure as the well-known orthorhombic CsPbBr 3 phase [26] . Structural analysis for most of the lead halide perovskite nanocrystals reported in the literature was carried out by the XRD technique which is probably the most convenient option but not precise enough to conclude the formation of different phases. For instance, the cubic phase was initially reported for CsPbBr 3 NCs in a majority of the reports but later it turns out to be orthorhombic by in depth investigation. Therefore, particular attention is required for the structural analysis and, most importantly, the use of reliable technique such as synchrotron which is sensitive enough to give precise information about different phases.
In the CsPbX 3 NCs family, CsPbI 3 with a band gap of 1.73-1.80 eV is the most interesting one for photovoltaics application but it suffers from undesired phase transition from the 3D phase (perovskite) to the 1D (non-perovskite) yellow phase of CsPbI 3 . Several strategies have been proposed to overcome the instability of the 3D (perovskite) phase of CsPbI 3 both in films and solution. Protesecu et al. proposed that the 3D phase of CsPbI 3 NCs can be stabilized by incorporating large organic cation (10% of FA + ) [27] while Liu et al. recently demonstrated the increased stability of CsPbI 3 NCs by introducing trioctylphosphine (TOP) as a surfactant [28] . A later method of preparation of TOP-PbI 2 precursor takes at least one week, while the same approach does not work for other lead halide counterparts that limits its potential [28] . Akkerman et al. also reported the increase in the stability of CsPbI 3 perovskite phase over up to a month by replacing Pb 2+ with Mn 2+ without altering the optical properties of the host material [29] . Imran et al. introduced benzoyl halide as an efficient halide precursor for the synthesis of lead halide perovskite NCs which allows them to work under halide excess conditions. They observed that synthesized CsPbI 3 NCs were stable in both films and colloidal solution for several weeks under ambient conditions. The improved stability of 3D-phase CsPbI 3 NCs was ascribed to the formation of lead halide terminated surfaces, in which Cs cations were partially replaced by alkylammonium ions [17] . Lead halide perovskite NCs with this type of surface have been reported to have improved stability and enhanced optical properties. Apart from the stability issues of CsPbI 3 NCs, the quantum-confined blue emitting CsPbBr 3 nano platelets/nanosheets with thickness of a few unit cells aggregate and turn green when dry solid films were prepared [12, 30] . This shifting of emission band to the bulk band gap of CsPbBr 3 is preventing several potential applications including blue light-emitting diodes (LEDs).
As the most used procedure for CsPbX 3 NCs synthesis, the hot-injection method is a very promising methodology to achieve high-quality perovskite NCs. Xianghong He et al. [31] reviewed the effect of various parameters (ligand, reaction temperature) in the solution-fabrication strategies of all-inorganic trihalide perovskite NCs. In this approach, OA and OLA can break the cubic symmetry and lead to anisotropic growth of CsPbBr 3 . Shorter chain carboxylic acids give rise to larger size nanocubes from a high-temperature reaction, while shorter chain amines result in thinner nanoplatelets [32] . The Manna group has successfully synthesized the lead-based perovskite NCs with different morphology by adjusting the ligands [12, 33] . Adjusting the ratio of short (octanoic acid (OA) and octylamine (OAm)) to long (OA and OAm) ligands leads to 2-3 unit cell thick CsPbBr 3 nanosheets with lateral size from 300 nm up to 5 µm [12] . While adjusting the ratio of Amine with hex acid leads to CsPbBr 3 nanowires with widths from 5.1 nm to 2.8 nm at a reaction temperature of 65 • C [33] .
Reaction temperature also plays a role in the shape and the size of the resultant NCs. The Kovalenko group [21] showed that the size of CsPbX 3 NCs is tuned in the range of 4-15 nm by varying the reaction temperature (140-200 • C). The CsPbX 3 NCs were changed from nanocubes to nanoplates at lower temperatures (between 90 • C and 130 • C) [34] .
Colloidal Synthesis of FAPbX 3 NCs
Although the synthesis of CsPbX 3 and MAPbX 3 NCs has been optimized over the last few years, FAPbX 3 NCs with optimal optical properties as well as a narrow size distribution and phase purity have not yet been prepared by either hot-injection techniques or by the LARP approach. Recently, FAPbX 3 in the form of NCs have received considerable interest due to several potential advantages over their cesium and methylammonium counterparts, for instance higher stability due to a more symmetrical and tightly packed crystal structure, and impressive optical properties [35] [36] [37] .
Protesescu et al. reported a polar solvent-free three-step hot-injection method for the synthesis of FAPbX 3 (X = Br, I) NCs. In a typical hot-injection synthesis, FA-Pb precursor solution was prepared by reacting Pb and FA acetates with oleic acid in octadecene. Subsequently, temperature was increased to 130 • C and oleylammonium bromide dissolved in toluene was rapidly injected. The NCs obtained have nearly cubic morphology and very high PLQY up to 85%. But its potential versatility was limited by the poor reactivity of the alkylammonium halide salts that leads to the formation of undesired secondary phases and the resultant NC contains 10% of phase impurity (NH 4 Pb 2 Br 5 ) [27, 39] . Figure 4d ). Resulting NCs are characterized by radiative lifetimes of 5−166 ns and very high PLQY (up to 85%) but the shape control was poor in all the cases [38, 40] . To overcome the limitation imposed by traditional synthesis methods, the Manna group recently reported a modified three-precursor hot-injection method for the synthesis of FAPbX 3 NCs by using benzoyl halide as a halide precursor. Interestingly, this approach allows one to work with the desired stoichiometry of the ions, since the halide ions and the metal cation sources are not delivered together, i.e., they are not delivered with the same chemical precursor. In a typical synthesis, formamidinium acetate and lead acetate were dissolved and degassed in oleylamine, oleic acid and octadecene at 125 • C in a three-neck flask. Subsequently, the solution was cooled down to the desired temperature (70-95 • C) and the benzoyl halide precursor was swiftly injected into the reaction flask, triggering the immediate nucleation and growth of the NCs. Typical TEM images of FAPbCl 3 and FAPbBr 3 NCs evidenced a narrow size distribution, which became slightly broader in the case of FAPbI 3 NCs (see Figure 4e -g). XRD analysis of FAPbX 3 NCs shows excellent phase purity and matches nicely with the corresponding bulk crystals (see Figure 4h -j) [41] . On the other hand, FAPbCl 3 NCs were synthesized for the first time by this approach and no cubic bulk structure has been reported so far. The refinement of the XRD pattern of FAPbCl 3 NCs led to a cubic structure (space group Pm-3m) with a = 5.67 Å. Furthermore, as shown in Figure 4k -m, FAPbBr 3 and FAPbI 3 NCs exhibited excellent optical properties, and had a high PLQY (90% for FAPbBr 3 and 65% for FAPbI 3 ) and narrow PL emission (20 nm for FAPbBr 3 and 48 nm for FAPbI 3 ). The FAPbCl 3 NCs were characterized by having a narrow PL (FWHM = 16nm), but a low PLQY (about 2%) [17] .
In general, both LARP and hot-injection approaches are applicable to the synthesis of the entire family of lead halide perovskite nanocrystals. LARP is performed at low temperature in air whereas the hot-injection method needs air-free conditions and relatively higher temperature. However, one major setback about the LARP approach is the presence of polar solvent such as DMF originating from the chemical synthesis, which results in the dissolution/decomposition of the perovskite NCs formed to convert back to precursors. Furthermore, the shape control of NCs and doped lead halide perovskite nanocrystals is mainly achieved by the hot-injection method. 
Tailoring the Properties of Halide Perovskite NCs
One way to tailor the properties of halide perovskite is the doping of metal ions (Mn 2+ , Zn 2+ , Cd 2+ , Sn 2+ , and Bi 3+ ) into the lattice of CsPbX 3 NCs [42, 43] . In general, these metal ion-doped CsPbX 3 NCs were prepared by modifying the hot-injection method described above by adding MnX 2 together with PbX 2 solubilized in the mixture of OA and OAm in ODE. The doped halide perovskite NCs successfully exhibit tailored properties. For example, Parobek et al. reported that Mn-doped CsPbCl 3 NCs have a strong sensitized Mn luminescence, arising from the exchange coupling between the exciton and Mn [44] . Begum et al. doped colloidal CsPbBr 3 perovskite NCs with heterovalent Bi 3+ ions by hot injection and showed that interfacial charge transfer can be tuned and facilitated by metal doping [45] . Another direct synthesis approach for doped halide perovskite NC is as follows. CsAc and PbAc 2 with MnAc 2 are mixed in toluene at room temperature with oleic acid (OA) and oleylamine (OLAM) as ligands. Subsequently, the HCl acid in water was added under vigorous stirring. After centrifuging, the supernatant which contains the NCs was collected and further treated to get a stable colloidal dispersion of Mn 2+ -doped CsPbCl 3 NCs [46] . The doped halide perovskite NCs are significantly more stable because of the enhanced formation energy due to the doping [29, 47] .
Apart from doping, anion exchange is the most simple and commonly used post-synthesis method to tune the properties of perovskite NCs. Usually the anion exchange is achieved by using a range of different halide precursors to mix with the halide perovskite NC solutions, to tune the chemical composition and the optical properties of colloidal CsPbX 3 NCs in all the visible spectrums. Besides, by mixing solutions containing perovskite NCs emitting in different spectral ranges can produce NCs emitting in an intermediate range [48, 49] . The anion exchange can also be achieved in a dihalomethane solution of halide perovskite NCs without any reacting anion source using photoexcitation to trigger the halide ion exchange [50] .
Anion-exchange reactions provide an alternative path for compositional fine tuning while maintaining the parental structure and luminescent emission (tunable across the entire visible spectrum) of the final products especially in case of cesium lead halide perovskites (CsPbX 3 , X = Cl, Br, I). So far most commonly used precursors for anion exchange reactions are lead halides salt, oleylammonium halides, tetrabutylammonium halides or solid metal halides MX 2 (M = Zn, Mg, Cu, Ca; X = Cl, Br, I). All the aforementioned cases either need complicated preparation steps or suffer from limited reactivity at room temperature for halide replacement; for instance, oleylammonium halides could be synthesized by reacting oleylamine with HX (X = Cl, Br, I) in ethanol overnight under a flow of nitrogen gas followed by multiple purification steps and the drying of products in vacuum oven. Lead halide salts are limited by their poor solubility under ambient conditions in a relatively non-polar solvent environment and show slow reactivity towards anion exchange reactions at room temperature. While in the case of TBA-X the exchange reaction worked only from Br − → Cl − and I − → Br −, reverse exchange does not work (Cl − to Br − and Br − to I − ) [48] [49] [50] [51] [52] . Considering the strong reactivity of the benzoyl halide precursor even at room temperature, we tested them for the post-synthesis transformations of CsPbX 3 NCs.
The addition of benzoyl chloride or benzoyl iodide into pre-synthesized CsPbBr 3 NCs at room temperature leads to a blue shift or a red shift, respectively, of both the PL and the absorption spectra of the product NCs (see Figure 5a ). In both cases the XRD patterns of the resulting NCs confirmed the retention of the parent perovskite structure, with a systematic shift of the peaks (see Figure 5d ). Interestingly, the back exchange reactions from CsPbCl 3 → CsPbBr 3 and from CsPbI 3 → CsPbBr 3 also worked efficiently when benzoyl bromide was added to CsPbCl 3 and CsPbI 3 NCs, respectively. Also, it is worth mentioning here no mixed-halide of CsPb(Cl/I) 3 could be obtained by the addition of benzoyl chloride to the CsPbI 3 NCs but rather a very slow and complete exchange occurred over time. Indeed this could be due to the larger difference in ionic radii between Cl − and I − causing the instability of the CsPb(Cl/I) 3 system. 
Lead-Free Halide Perovskite NCs
Two critical problems are still unresolved and hindering commercial applications for lead halide perovskite: the toxicity of lead and poor stability. Tremendous efforts have also been put into partially replacing lead with non-toxic metals such as Mn(II) or completely replacing lead with Sn(II), Sn(IV), Bi(III), Sb(III), Cu(II) etc. CsPb x Mn 1−x Cl 3 QDs in colloidal solution were synthesized through phosphine-free hot-injection via partial replacement of Pb with Mn, and the Mn substitution ratio is up to 46% [53] . Besides, synthesis of lead-free metal halide (CsSnX 3 , Cs 2 SnX 6 , and Cs 3 Bi 2 X 9 , MA 3 Bi 2 X 9 , Cs 3 Sb 2 X 9 , Cs 2 AgBiX 6 ) NCs have been intensively explored, for which the unit cells for several types of these materials are illustrated in Figure 6 and the reported results are summarized in Table 1 . Hot injection Nanocubes (edge length about 9 nm) [62] Jellicoe et al. reported the synthesis of CsSnX 3 NCs by the hot-injection method [55] . In this attempt, the tin precursor was prepared by dissolving SnX 2 in the mildly reducing and coordinating solvent tri-n-octylphosphine. Then this solution was injected into a Cs 2 CO 3 precursor solution containing oleic acid and oleylamine at 170 • C to obtain colloidally stable CsSnX 3 NCs, as shown in Figure 7 [55] Besides, CsSnX 3 nanocages were also synthesized by the hot-injection colloidal approach [56] Substitution of Pb with Sn reduces toxicity but compromises the air stability partly due to the oxidation process from Sn(II) to Sn(IV). Therefore, Cs 2 SnI 6 NCs which consist of air-stable tetravalent Sn 4+ are explored by the hot-injection method by Wang et al [57] and Dolzhnikov et al. [58] . However, Sn-based perovskites still contain abundant intrinsic defect sites leading to low PLQYs. Bismuth has much lower toxicity than lead and recently has been found to be promising for perovskite because Bi 3+ is isoelectronic with Pb 2+ and, meanwhile, more stable than Sn 2+ . Recently, Leng et al. reported the synthesis of MA 3 Bi 2 Br 9 [59] and Cs 3 Bi 2 X 9 NCs [60] by LARP. For MA 3 Bi 2 Br 9 NCs, the dimethylformamide (DMF) and ethyl acetate are used as the "good" solvents to dissolve MABr and BiBr 3 , and Octane acted as the "poor" solvent to precipitate QDs when the precursor solution was injected into octane. While Cs 3 Bi 2 X 9 NCs were synthesized by first dissolving CsBr and BiBr 3 in dimethyl sulfoxide (DMSO), and the precursor solution was added to the antisolvent-ethanol to crystallize Cs 3 Bi 2 X 9 , for which the results are shown in Figure 8 . Also, OLAm and OA were added to control the crystallization rate and stabilize the colloidal solution. Yang et al. also reported lead-free all-inorganic perovskite Cs 3 Bi 2 X 9 (X = Cl, Br, I) NCs synthesized by a similar approach, which used DMSO as the solvents to dissolve CsBr and BiBr 3 while isopropanol was used as the antisolvent to precipitate NCs [61] . Other lead-free layered Cs 3 Sb 2 Br 9 inorganic perovskite quantum dots were obtained by a modified LARP at RT within few seconds reaction [62] . In this approach, the precursor solution is prepared as a mixture of SbBr 3 , CsBr, and oleylamine was dissolved in N,N-DMF or DMSO. Then the precursor is dropped into a mixed solution of octane and OA, inducing rapid recrystallization of Cs 3 Sb 2 Br 9 NCs. Derived from the idea of oxide double perovskites (A 2 BB'O 6 ), double perovskites appear as a new type of lead-free materials, where two divalent Pb 2+ can be replaced by one monovalent ion M + and one trivalent ion M 3+ . Cs 2 AgBiX 6 NCs are obtained by the hot-injection approach as reported by Creutz et al. [63] and Zhou et al. [64] . In the approach by Creutz et al., neat TMSBr or TMSCl (2.7 mmol, TMS = trimethylsilyl) was swiftly injected into a boiling solvent containing Cs(OAc), Ag(OAc), and Bi(OAc) 3 dissolved in a combination of octadecene, oleic acid, and oleylamine at 140 • C [63] . In the approach by Zhou et al., Cs 2 AgBiBr 6 NCs with pure cubic shape and high crystallinity were synthesized via a hot-injection method as shown in Figure 9 , in which the Cs-oleate was injected into a high boiling organic solvent containing BiBr 3 and AgNO 3 at 200 • C. In this approach, a small amount of hydrobromic acid (HBr) additive ensures the full ionization of Ag + . These NCs were applied into photochemical conversion of CO 2 into solar fuels, displaying their great potential as environment-friendly halide perovskite photocatalysts [64] . Despite mounting interest in and remarkable achievements on colloidal synthesis of lead and lead-free halide perovskite nanocrystal, an important issue is their instability during the purification process upon exposure to the polar solvents and under ambient atmospheric conditions that consequently limit their use for several potential applications. Lead-free halide perovskite nanocrystals are suffering from poor PLQY compared to lead-based halide perovskite NCs. So, overall, it is indispensable for the scientific community to synthesize heterostructures or core shell NCs that allow their dispersion into a variety of solvents while maintaining their colloidal integrity and eventual incorporation into various devices.
The Technologies and Mechanism of the Growth of Large Crystal Grains of Perovskite Films
Perovskite materials have an ABX 3 structure, where A usually represents the monovalent cation including organic small cation MA, FA and inorganic Cs, Ag, B is the transition metal (Pb, Sn, Sb and so on), and X is the halogen anion (I, Cl, Br, O) or mixed. The preparation of these materials should mix two participants following which solution-process methods are adopted including one-step and two-step [65] , with the advantages of a low-cost and simple fabrication process. On the other hand, physical methods including thermal evaporation, sputtering and pulsed laser deposition are widely used to grow materials with low solubility and high quality such as perovskite oxides. Unlike bulk crystal growth methods such as the solution temperature-lowering (STL) method [66, 67] , inverse temperature crystallization (ITC) method [4, 68] , anti-solvent vapor-assisted crystallization (AVC) method [69] , and melt crystallization method [70] [71] [72] , thin films with a large size and high-quality crystals for high power conversion-efficiency devices are more difficult to synthesize. Therefore, advanced technologies are required. Herein, we discuss the approaches and the fabrication processes which have been recently developed.
Anti-Solvent Method
The anti-solvent method is one of the most widely used methods and is often applied during the one-step method [73] [74] [75] [76] . The crystal growth is mainly divided into two states: firstly, the seeds are formed on the surface of the substrates during spin-coating; and then the growth of crystals during thermal depositing. The crystal size and density of seeds increase in two stages in the process of the synthesis. To form dense large crystal film, dense seeds should be formed before their size growth. The anti-solvent method is used to optimize as-prepared films. Figure 10 shows the details of this method [74] . The spin-coating of precursor solution is divided into two time-steps. The first 10 s (10 s) is for the solution dispersion and coverage on the whole surface of the substrate. After that, antisolvent is casted in one shot to form super-saturated solution during the spinning for the next 20 s. Then, samples are thermally heated to grow crystals and solidify films. Compared to traditional one-step method, this induces intermediate complex film with long-time stability and does not need extra mobilized solvent except the complex solvent. During the following heat treatment, the super-saturated film enables the formation of dense uniform seeds. It should be noted that the density and shape of the seeds strongly depends on the selected anti-solvent. Generally, the chosen anti-solvent should not dissolve the target material including the participants, meanwhile it should have sufficident ability to extract the solvent of the precursor solution. There are a variety of organic solvents including chlorobenzene, toluene and esters. Initial studies have demonstrated that a high boiling point and miscibility of the selective solvent could play an important role in extracting the solvent inside in order to avoid fast evaporation at room temperature on the surface of the substrate, which usually produces a non-uniform surface. Ether and dichloromethane (DCM) with a boiling point of lower than 50 • C leads to uncovered needle-like seeds. According to kinetic studies, precise control of competition between the formed seeds and the growth of the size of crystals during the antisolvent treatment would affect the density of the seeds. The fast evaporation of antisolvent (low boiling point) also accelerates the heterogeneous nucleation with a quick solvent extraction. The challenge is that homogeneous nucleation needs a lower evaporation rate, which meanwhile lengthens the time required to grow the crystal size.
The antisolvent method should consider the balance between the extraction time and crystal growth time at this stage. After all, the choice of antisolvent should depend on the solvent of the precursor solution and the specific perovskite material. The most promising antisolvents for lead-based perovskite in recent studies are TFT and some esters [74] . 
Solvent Vapor Annealing Technology
Solvent vapor annealing technology (SVA) is a frequently used method to improve the surface morphology of the final film [77] . Unlike the antisolvent method, which improves the quality of as-prepared film to form uniform dense seeds, SVA focuses on the crystal growth step after the seeds formed. SVA utilizes the additional force of the solvent vapor, not only leading to a long diffusion length of molecules or ions, but also controlling the speed of removing the solvent, which improves the crystal size and surface morphology and overcomes the pin holes always formed inside the film because of the ultrafast evaporation of the solvent by conventional thermal annealing (TA). More importantly, TA leads to an unequal evaporation speed of the individual components, especially for a cosovlent solution because of the varied boiling points, such as the reported DMF and DMSO with 4:1 cosolvent in MASnI 3 solution [78, 79] . Moreover, SVA can efficiently remove all the inside solvents at the same time for their excellent miscibility. An ideal solvent for SVA should have high evaporation pressure and a proper boiling point, while the choice of chamber size, position of samples and optional heat temperature should depend on the boiling point of the selected solvent.
The kinetic energy of solvent that is molecular in the vapor state is larger than that in the liquid state, which enables the nucleation and enlarges the crystals to micrometers. Meanwhile, solvent has the potential to dissolve seeds. Therefore, the evaporation of solvent of samples should be faster than the supplement to make sure that crystals are grown rather than being dissolved over time. Recent experiments establish an incomplete closed space with random holes inside the cap of the chamber for SVA, which avoids the over accumulation of solvent on the surface. The time taken for the SVA approach is also a factor affecting the growth of grains. Figure 11 shows a recent reported SVA method [80] , in which double layers are spin-coated. After the nano-polycrystals are formed by inter-diffusing, SVA with DMF solvent merges the nanocrystals and leads to uniform and dense miro-size crystals. By contrast, anti-solvent can also be used. Compared to solvent of perovskite, which always slow down the evaporation of solvent, the added antisolvent speeds up the removal of the inside solvent of the immediate film like the heating method. In fact, the removal speed mainly depends on the miscibility rather than the boiling point in the heating method.
Ostwald Ripening
Ostwald ripening is another method to obtain large-size crystals, in which the large particles are more energetically favoured than smaller ones. The molecules are less stable on the surface of grains than inside because of the additional surface energy, which motivates the movement of the particles. Therefore, this gives the possibility of healing the pin holes formed between the crystals after spin-coating of the precursor solutions, especially in the one-step method. The movement of grains is proved to be the slowest process and the size growth is expressed as the following equation,
where R is the average radius of all the particles, γ is particle surface tension or surface energy, c ∞ is solubility of the particle material, v is molar volume of the particle, D is material diffusion coefficient of the particle, R g is a constant related to the ideal gas, T is constant absolute temperature, and t is time. According to Lifshitz and Slyozov's equation, the growth of R strongly depends on the solubility known as liquid-liquid systems. In addition, additional force is needed to speed up its process. The initial studies use ion exchange as the additional force [74] , and salt solution; for example methylammonium iodide (MAI) in IPA solvent is used to connect MAPbI 3 particles. Note that this method always introduces foreign material or changes the origin ratio in the final film. However, this can be ignored if the target films include such foreign material, for example, in the case of hybrid halide CH 3 NH 3 PbI 3−x Br x (Figure 12 ) [81] . MABr solution is introduced to exchange the MAI in the as-prepared MAPbI 3 film, which enhances the connection between crystals and heal pin holes. Additionally, the diffusion of molecules in solution plays an important role. To enhance the diffusion length of salt molecules, a low concentration is needed, which is consistent with the limited influence of the high salt solution, while high-quality and large crystal grains can be obtained by low concentration. After the treatment, the redundant matter should be removed and the disadvantage is obviously that the healing process is too slow, while the ratio is difficult to control. 
Geometrically-Confined Lateral Crystal Growth
The methods mentioned above mainly focus on the fabrication of large-size polycrsytals, and in these methods the surfaces of substrate almost have no influence to the final films. A geometrically-confined lateral crystal growth method is utilized to form well-arranged single crystals, of which the substrate, unlike conventional glass or fluorine doped tin oxide (FTO), is also single crystal substrate and prepared to patented wettable surface by molecules, which have hydrophobic groups such as Triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane. This surface will confine the dispersed solution and guide the growth direction of perovskite crystals. As with the self-assembled organic molecular technology [82] , hybrid perovskite molecules are favorable to assembly along the crystal surface of the substrate. This lateral crystal growth is a common method via epitaxial lateral overgrowth (ELO) and the vertical direction is restricted by geometrical confinement. The dispersed perovskite solution can only exist on the wettable region. The formed seeds in this restricted region grow and connect with each other during the removal of solvent. Then, single crystal belts are formed, filled and arranged. The reported method introduces an inner printer to control the amount of solution on the surface, which is heated at a certain temperature ( Figure 13 ) [83] . Due to the special requirement of substrate such as silicon or silicon nitride substrates, a conventional structure FTO/compact-TiO 2 /meso-TiO 2 with perovskite/HTM/gold of devices is impossible to realize in this situation. Two electrodes are located on the same surface. The obtained power conversion efficiency is very low at about 4%, with low fill factor and dense current compared to other solar cells. Moreover, the electron selective layer (ETL) and hole transport material (HTM) material are not introduced, while the cost of the substrate is high and the incoming light is week.
Additives
Additives are usually applied to interconnect nanocrystals, which enhance the performance [84, 85] . Unlike the crystal growth method, additives almost have no influence on the fabrication of large crystals but connect them by using chemical bonds. A hydrogen bond N-H···I− as well as P-OH···I− hydrogen at two ends of butylphosphonic acid 4-ammonium chloride (4-ABPACl) ( Figure 14) reported by the Grätzel group connect neighboring perovskite crystals [86] . The use of this additive after a one-step solution-processing strategy results in stable and high-performance perovskite solar cells. 4-ABPACl molecules acted as crosslinking agents between neighbouring perovskite grains leading to a smooth and uniform perovskite layer rather than discontinuous crystal grains without additive. It is worth noting that the carbon length, which determines the distance between two grains, should be proper. A distance that is too long will lead to a loose interaction, while a short one cannot connect two grains. Other additives including MAI, ethylammonium iodide (EAI), bulky aromatic cations, tetraphenylphosphonium iodide (TPPI) and chloride (TPPCl) successfully improve the morphology and make dense, smooth film by utilizing the incorporation of one end of I-or Cl-into the crystals, while the strong hydrogen bond of N-H···I− forms at another end of the neighbouring crystals. Likewise, a small amount of inorganic molecular H 2 O, HI/HCl were added into PbI 2 /MAI in DMF/DMSO solution to make a homogenous precursor solution and give rise to high-quality full coverage film without pin holes. The difference is that these inorganic additive molecules having an important influence during the film fabrication for the supplement of extra hydrogen bonds will evaporate and not exist in the final film.
Additives always lead to an extra high humidity resistance for the tight films, which has great significance for applications. However, compared to the inside chemical bonds, the relative weak interaction of hydrogen bonds induces instability under high temperature. The transport of carriers between two grains is also limited. This may give the option for future additives to establish covalent bond with the excellent extraction of carriers between grains. 
Physical Method-Vapor Assisted Growth
Solution-processed methods enable low-cost, high reproducible approaches for large size, high-quality film growth for perovskite. Compared to them, physical methods are seldom used because of the requirement of special conditions including a vacuum or high temperature. The following vapor-assisted growth method utilizes the vapor state of participants. Take MAPbI 3 as an example ( Figure 15 ) [87] , double layers PbI 2 /MAI after two times spin-coating are put inside oven, which is heated at more than 200 • C surrounded with MAI vapor. Because of the nano polycrystals of MAPbI 3 formed, the growth of large crystals needs the movement of the crystals formed by utilizing the thermal energy. As reported by Kawamura et al., the equivalent lattice constant of the perovskite crystal increases with the temperature due to the wide path and movement of the ion inside perovskite crystals that is caused, which rearranges orientation and fuses the grains to grow larger. This means a lower temperature cannot change the size of final MAPbI 3 crystals. As the organic molecules degrade under certain temperature, the surrounding temperature should not be too high. As with Ostwald ripening, this growth is also slow and the movement of ions and molecules needs a longer time, usually 1-4 h is suggested. The final ratio of MAI and PbI 2 is difficult to control and excessive MAI will limit the final performance. Moreover, this reported method was limited to special substrate, and still no available devices are based on it. Another vapor-based method uses a double vapor source, whereby both MAI and PbI 2 vapor are introduced in the reaction chamber, in which samples are immersed. This modified vapor-assisted approach utilizes high-vacuum equipment to speed up the evaporation and reduce the process temperature. The enlarged diffusion length in a high-vacuum environment greatly leads to the movement of ions and molecules, which improves the crystal quality [88] . 
Summary and Outlook
In summary, we have reviewed the recent frequently used approaches to realize different types of perovskite nanocrystals (NCs) as well as high-quality, large-scale and dense perovskite films for quantum dots (QD) and planar perovskite devices. Ligand-assisted reprecipitation and hot injection are the two dominant methods being applied for the synthesis of perovskite NCs. The most striking feature of these NCs is their extremely high PLQY. To further tune the optical properties of the perovskite NCs, the doping of NCs is realized by adding salts containing the doping metal ions into the precursor solutions for hot-injection synthesis. Anion exchange reactions provide an efficient way for compositional and optical property tuning. Given the major concerns of lead-based perovskites, lead-free perovskite NCs are also intensively studied and reviewed here.
Large and high-quality perovskite crystal films for planar devices possess many excellent properties including long diffusion length, high carrier life time and mobility. In addition, devices with higher power conversion efficiency for their devices have been obtained than those of traditional nano-polycrystals films. We divided the recent high-quality crystal growth methods into solution-proceed methods (including the anti-solvent method, SVA, Ostwald ripening, additives and geometrically-confined lateral crystal growth) and physical methods (vapor-assisted crystal growth). Moreover, the underlying mechanism of crystal growth in these treatments were investigated. For practical applications in devices, solution-proceed methods are more useful due to their low cost. Among the several solution-proceed methods, the anti-solvent method which only involves spin-coating and needs the lowest treatment time is the best option. In addition, additives are frequently used to interconnect neighoring grains as cross-linker agents, and geometrically-confined lateral crystal growth paves the way to single-crystal film growth in which the need for special substrates limits the power conversion efficiency.Future methods may focus on the fabrication of single crystals on cheap frequently used glass substrates.
